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ABSTRACT
by gamma scintigraphic studies. The findings demonstrate the distribution of these liposomes within solid tumor and prove that the sterically stabilized liposomes experience increased tumor uptake and prolonged circulation half life. Hence these findings will be relevant for the optimal design of long circulating liposomes for the peptide drugs and for targeting of liposomes toward tumor.
The purpose of this study was to prepare conventional and sterically stabilized liposomes containing leuprolide acetate in an attempt to prolong the biological half life of the drug, to reduce the uptake by reticuloendothelial system (RES), and to reduce the injection frequency of intravenously administered peptide drugs. The conventional and sterically stabilized liposomes containing leuprolide acetate were prepared by reverse phase evaporation method and characterized for entrapment efficiency and particle size. Radiolabeling of leuprolide acetate and its liposomes was performed by direct labeling with reduced technetium-99m. Its biodistribution and imaging characteristics were studied in ehrlich ascites tumor (EAT)-bearing mice after labeling with technetium-99m. The systemic pharmacokinetic studies were performed in rabbits. A high uptake by tumor was observed by sterically stabilized liposome containing leuprolide acetate compared with free drug and conventional liposomes. The liver/tumor uptake ratio of free drug, conventional (LL), and sterically stabilized liposomes (SLL5000 and SLL2000) was found to be 20, 7.99, 1.63, and 1.23, respectively, which showed the increased accumulation of sterically stabilized liposomes in tumor compared with the free drug and conventional liposomes at 24 hours postinjection. Liver uptake of sterically stabilized liposomes was still 7-fold less than the conventional liposomes. The marked accumulation of liposomes in the tumor-bearing mice was also documented
INTRODUCTION
Leuprolide acetate, a nonapeptide is one of the GnRH superagonists most widely used in the treatment of sex hormone dependent tumors such as prostate carcinoma in men, and breast cancer and ovarian cancer in women. [1] [2] [3] [4] [5] [6] [7] GnRH agonists induce cell cycle arrest in the Go/G1 phase, but the detailed molecular mechanism is unknown. One of the proposed mechanisms of the antitumor effect of GnRH agonists is the downregulation of GnRH receptor (GnRH-R) activity in the pituitary gland that results in inhibition of sex steroid secretion in patients with premenopausal breast cancer or prostate cancer. The other probable mechanism of action is the direct action of GnRH agonists via the GnRH-R, which is expressed in malignant tumors and differs from the pathway mediated via the pituitary. This direct action promotes the antiproliferative effect of these agents on the tumors. 8 vivo. [9] [10] [11] Reports revealed that the nucleotide sequence of GnRH receptors in human breast and ovarian tumors is identical to that found in pituitary. [12] [13] [14] [15] Because of the low oral bioavailability, the peptide drugs are usually administered by the parenteral route. However, parenteral administration of peptide drugs has the limitation of short biological half life and results in an inconveniently high dosing frequency. Therapeutic proteins and peptides administered intravenously or subcutaneously are often cleared rapidly from the circulation and therefore need to be injected frequently in order to maintain therapeutic levels in the blood. To reduce the injection frequency of the intravenously administered peptide drugs and to reduce the toxicity, it becomes essential to develop a safe and sustained injectable peptide delivery system. Presently, leuprolide acetate is available as microsphere formulation (Lupron Depot, Tap Pharmaceutical Products Inc, Lake Forest, IL) and as an osmotic implant (Viadur, Bayer Corp, West Haven, CT), which has been approved by the FDA for human use. The above formulations were meant for longer duration of action and were supposed to release the drug slowly, the slow release of drug acts on pituitary but not targeted toward the cancer site. Our aim was to prepare a targeted delivery system containing leuprolide acetate that would deliver the drug to the tumor site along with enhanced blood circulation, thereby providing a direct action to the malignant cells.
Various types of liposomal formulations have been used as drug delivery vehicles for sustained release of proteins and peptides and some have been evaluated for clinical applications. 16, 17 These formulations have been used as carriers of cytotoxic drugs with the strategy based on reduction of toxicity and passive delivery to tumors. 18, 19 The propensity of the reticuloendothelial system (RES) uptake to liposomes from the circulation has thus far limited the prospect of targeting liposomes to tissues other than liver, spleen, and lung. 20 Sterically stabilized liposomes, in particular, are considered promising carriers for therapeutic agents because they can facilitate controlled release and targeted delivery of drugs, thereby reducing drug-related toxicity. 21, 22 Surface coating of liposomes with hydrophilic polymers such as polyethylene glycol (PEG) resulted in decreased recognition and subsequent phagocytosis by cells of the mononuclear phagocytic system (MPS). 23 The development of these PEG liposomes appeared to be a major step forward toward clinical application. An understanding of the liposome targeting to tumor, its blood circulation, and distribution to various organs could be achieved by coupling with technetium-99m ( 99m Tc), a radionuclide of choice because of its unique properties. 24 In this study, we report the preparation and characterization of conventional and sterically stabilized liposomes containing leuprolide acetate. The systemic pharmacokinetics, tissue distribution, and imaging studies in animal models for 99m Tc-leuprolide acetate and 99m Tcleuprolide acetate liposome ( 99m Tc-leuprolide acetate/liposomes) formulations were also performed. The sterically stabilized liposomes prepared using PEG showed a pronounced increase in the blood residence time with a significant decrease in uptake by RES when compared with conventional liposomes. We also report the accumulation of the liposome-loaded leuprolide acetate in the solid Ehrlich ascites tumor (EAT)-bearing mice.
MATERIALS AND METHODS

Chemicals
Leuprolide acetate was received as a gift sample from Takeda Chemical Industries (Osaka, Japan). Hydrogenated soya phosphatidyl choline (HSPC) and distearoyl phosphatidyl glycerol (DSPG) were purchased from Lipoid (Carlsbad, CA). Cholesterol (Chol), diethylene triamine penta acetic acid (DTPA), and stannous chloride (SnCl 2 .2H 2 O) were purchased from Sigma Chemical Co (St Louis, MO). Ficoll-400 was purchased from Bangalore Genei, Bangalore, India. Methoxy PEG 5000-phosphatidylethanolamine (mPEG5000-PE) and methoxy PEG 2000-phosphatidylethanolamine (mPEG2000-PE) were synthesized and characterized in house. Sodium pertechnetate, separated from molybdenum-99 by solvent extraction method, was procured from the Regional Center for Radiopharmaceutical Division (Northern Region), Board of Radiation and Isotope Technology, Delhi, India. All other chemicals and solvents were of analytical reagent grade and were used without further purification.
Preparation of Liposomes
Conventional (LL) and sterically stabilized (methoxy PEG of molecular weight 5000 and 2000 [SLL5000 and SLL2000, respectively]) leuprolide acetate liposomes were prepared by the reverse phase evaporation technique. 25 The lipid mixtures (as shown in Table 1 ) in chloroform solution were taken in glass boiling tube (Quick fit neck B-24, Durga Scientific Works, Gujarat, India). For sterically stabilized liposomes, required concentration of mPEG5000-PE or mPEG2000-PE was added along with the other lipids (as shown in Table 1 ) 
Determination of Entrapment Efficiency
The unentrapped drug was removed from the liposomal suspension by ficoll-gradient centrifugation. 26 0.5 mL of liposomal suspension was mixed with 1 mL of 30% ficoll solution (in saline). It was transferred to an ultracentrifuge tube; 3 mL of 10% ficoll solution was layered gently on top of the above mixture. The upper ficoll layer was covered with a layer of buffered saline and centrifuged (Remi, C-24, Mumbai, India) at 15 000 rpm for 30 minutes. The unentrapped drug present in the lowest ficoll layer was diluted appropriately using 0.1N sodium hydroxide and the absorbance was measured at 282 nm on Shimadzu 1601 UV-Visible Spectrophotometer, Kyoko, Japan. 27 The liposomes were collected at the interface between the saline and 10% ficoll layers.
The drug present in the liposomes was estimated by Modified Bligh-Dyer extraction method. 28 A mixture containing 0.5 mL of liposome suspension, 2mL of chloroform, 1mL of methanol, and 1mL of saturated sodium chloride solution was placed in a centrifuge tube and spun at 1000 rpm for ~10 minutes. The aqueous layer was removed and the drug content was estimated by UV-Visible Spectrophotometer at 282 nm after dilution with 0.1N sodium hydroxide. Entrapment efficiency was calculated from the difference between the initial amount of leuprolide acetate added and that present in the unentrapped form and was expressed as a percentage of the total amount of leuprolide acetate added.
Particle Size Measurements
The particle size distribution of the liposomal formulations was estimated by laser light scattering on a Malvern particle size analyzer (Malvern Master Sizer 2000 SM, Malvern Instruments, Malvern, UK). Diluted liposome suspension was added to the sample dispersion unit containing stirrer and stirred in order to reduce the interparticle aggregation, and laser obscuration range was maintained between 15% and 20%. The average volume-mean particle size was measured after performing the experiment in triplicate. The average particle size of the prepared liposome formulations is given in Table  1 .
In Vitro Plasma Release Studies
The liposomal suspensions were diluted with 80% human plasma. A 0.5 mL sample of the diluted suspension in screw-cap eppendorf tube was used for each time point; samples were incubated under gentle rotating conditions at 37°C. Samples, to which normal saline was added, were taken for analysis according to the planned schedule, and liposomal pellets were then obtained by centrifugation in a centrifuge at 16 000 rpm for 4 minutes. The supernatant was aspirated and the pellet fraction was resuspended in 50% isopropyl alcohol, vortexed, incubated at 37°C for 10 minutes, and centrifuged. The amount of drug was estimated by diluting with phosphate buffer saline, and the absorbance was measured at 280 nm by spectrophotometry.
Radiolabeling of Leuprolide Acetate and Its Liposomes
The leuprolide acetate and its liposomes were labeled with 99m
Tc by direct labeling method as described by Richardson et al. 29 Briefly, 1 mL of 99m Tc (2 mCi/mL) was mixed with 0.1 mL of stannous chloride solution (1mg/mL) and the pH was adjusted to 7 using 0.5M sodium bicarbonate solution. To this mixture either 1 mL of leuprolide acetate solution (500 μg/mL) or 1 mL of liposome suspension (lipid concentration, 5-8 mg/mL) was added and incubated for 5 to 10 minutes for 99m Tcleuprolide acetate/liposomes, respectively, at room temperature. The quality control (percentage labeling efficiency and stability of the labeled complexes) was performed as per the method described earlier. 30 The labeling efficiency of 99m Tc-leuprolide acetate/liposomes was estimated by ascending instant thin layer chromatography (ITLC) using silica gel (SG)-coated fiber glass sheets (Gelman Sciences Inc, Ann Arbor, MI). The ITLC was performed using acetone or 0.9% saline as the mobile phase. Approximately 2 to 3 μL of the radiolabeled complex was applied at a point 1 cm from one end of an ITLC-SG strip. The strip was developed in acetone or 0.9% saline and the solvent front was allowed to reach 8 cm from the point of application. The strip was cut horizontally into 2 halves, and the radioactivity in each segment was determined in a well-type gamma ray counter (Gamma ray spectrometer, type GRS23C, Electronics Corporation of India Ltd, Mumbai, India). The free 99m Tc-pertechnetate that moved with the solvent (R f = 0.9) was determined. The reduced/hydrolyzed (R/H) technetium along with the labeled complex remained at the point of application. The amount of R/H 99m Tc was determined using pyridine:acetic acid:water (3:5:1.5 vol/vol) as mobile phase. The R/H 99m Tc remained at the point of application, while both the free pertechnetate and the labeled complex moved away with the solvent front. The activity moved with the solvent front using either acetone or saline was subtracted from that using pyridine:acetic acid:water as a mixture, the net amount of Tc-SLL5000, and 99m Tc-SLL2000 was calculated and the results are shown in Table 2 .
Stability Study of 99m
Tc-Leuprolide/Liposome Complex
The stability study of 99m Tc-leuprolide acetate/liposomes was determined in vitro using 0.9% sodium chloride and rabbit serum by ascending thin layer chromatography. The complex (0.1 mL) was mixed with 1.9 mL of normal saline or rabbit serum and incubated at 37°C. ITLC was performed at different time intervals up to 24 hours to assess the stability of the complex and the results are given in Table 3 .
Transchelation with Diethylene Triamine Penta Acetic Acid
In order to check the stability and strength of the bonding of 99m Tc with the leuprolide acetate/liposomes, 0.5 mL of the labeled preparation was challenged against various concentrations (25, 50, 75 , and 100 mM) of diethylene triamine penta acetic acid (DTPA) and incubated for 2 hours at 37°C. The effect of DTPA on labeling efficiency was measured on ITLS-SG using normal saline as the mobile phase, which allowed the separation of free pertechnetate and DTPA-complex (R f = 0.8-1.0) from the 99m Tc-leuprolide acetate/liposome complex, which remained at the point of application. (R f = 0). 
Biodistribution Studies in Tumor-Bearing Mice
All animal experiments conducted were approved by the Social Justice and Empowerment Committee for the purpose of control and supervision on experiments on animals, Ministry of Government of India, New Delhi. Balb/C mice (aged 2-3 months), weighing between 25 and 30 g were selected for the study.
EAT was maintained in the peritoneum of the mice in the ascites form by serial weekly passage. Exponentially growing EAT cells were harvested, washed, and resuspended in phosphate buffered saline and ~1.5 × 10 7 cells were injected intramuscularly in the thigh of the left hind leg of the mice. After 7 to 10 days, a palpable tumor in the volume range of 0.9 ± 0.1 cm 3 was observed and used for further studies. An injected dose of 100 μCi (100 μL) of the 99m Tc-leuprolide acetate/liposomes (containing 18 to 22 μgm of leuprolide acetate equivalent to 0.72 mg/kg) was administered through the tail vein of each mouse. Groups of 4 mice per liposome formulation per time point were used in the study. The mice were humanely killed at different time intervals and blood was obtained by cardiac puncture. Subsequently, tissues (heart, lung, liver, spleen, kidney, stomach, intestine, and tumor) were dissected, washed with normal saline, made free from adhering tissues, and weighed, and then their radioactivity was measured in a shielded well-type gamma scintillation counter; the results are summarized in Tables 4 and 5 . To correct for physical decay and to calculate radiopharmaceutical uptake in each organ as a fraction of the injected dose, aliquots of the injectate, containing 2% of the injected dose, were counted simultaneously at each time point.
Blood Clearance
Three male albino New Zealand rabbits weighing ~2 to 2.5 kg were included in each group for blood kinetics study. The blood clearance of 99m Tc-leuprolide acetate/liposome complex was studied in a normal healthy rabbit weighing ~2 to 2.5 kg. Approximately 500 μCi (500 μL) of the 99m Tc-leuprolide acetate/liposomes (containing 150-180 μgm of leuprolide acetate equivalent to 0.072 mgm/kg) was injected intravenously through the ear vein of the rabbit of known weight. Blood was withdrawn at different time intervals from the other ear vein. The radioactivity was measured in a well-type gamma ray counter. The blood was weighed and the radioactivity present in the whole blood was calculated by keeping 7.3% of the body weight as the total blood weight.
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Gamma Scintigraphic Imaging
The EAT-bearing mice were administered 100 μCi (100 μL) of the 99m Tc-leuprolide acetate/liposomes (containing 18-22 μgm of leuprolide acetate equivalent to 0.72 mg/kg) of the 99m Tc-leuprolide acetate/liposome complex through the tail vein, and after 24 hours of administration, the mice were fixed on a board and imaging was performed using a Single Photon Emission Computerized Tomography (SPECT, LC 75-005, Diacam, Siemens AG, Earlangan, Germany) gamma camera.
Statistical Analysis
All data are reported as mean ± SEM and the difference between the groups were tested using Student t test at the level of P < .001. Table 1 . The mice were administered intravenously 100˩Ci 99m
Tc-labeled complexes and the radioactivity was measured at 4, 24, and 48
hours. Each value is the mean (SEM) of 4 animals and expressed as percentage dose administered per gram of organ or tissue. SLL5000/SLL2000 was compared with corresponding LL. † P < .001, extremely significant. ‡ P < .01, very significant.
RESULTS
Characterization of Liposomes
Leuprolide acetate could be entrapped into liposomes by reverse phase evaporation technique with the entrapment levels of 47.12%, 37.8%, and 33.03%. The average particle size of LL, SLL5000, and SLL2000 formulation is given in Table 1 . In general, unimodal and relatively narrow particle size distributions were achieved. Figure  1 shows in vitro release profiles of leuprolide acetate liposomal formulations (LL, SLL5000, and SLL2000) in human plasma. The percentage of drug retained by the liposomes as a function of time relative to that at time zero indicates a sustained release of the encapsulated drug. 
Radiolabeling Efficiency of Leuprolide Acetate and Its Liposomes
The mean labeling efficiency of leuprolide acetate and its liposomal formulations was >97% at pH 7.0. Incubation of 99m Tc-leuprolide acetate/liposomes in 0.9% saline and in serum for 24 hours revealed that the labeling of the leuprolide acetate/liposomes was extremely stable. Less than 2% to 8% radioactivity was dissociated after 24 hours incubation in both saline and in serum, which indicates the suitability of the complex for its in vivo use. High binding affinity of the 99m Tc-labeled leuprolide acetate and its liposomes was ascertained by incubating the tagged compound with DTPA at different molar ratios as shown in Figure 2 . The percentage transchelation was found to be as little as 1% to 2% at 25mM concentration of DTPA, and even at high concentration of 100mM, the maximum percentage transchelation was found to be only 6% to 7%. The observation could be appreciated because of higher strength and binding affinity of 99m Tc with leuprolide acetate and its liposomal formulations. 
Blood Kinetics
Blood kinetics data of drug and its liposomal formulations obtained at various time intervals are shown in Figure 3 . The blood clearance studies of free drug and liposome-entrapped drug conducted in rabbits showed that the half-life of the drug, when entrapped in liposomes, was greater than the drug in its free state. Incorporation of 6 mol% of mPEG in the lipid bilayer markedly increased the blood residence time, as evidenced by the 3-fold and 4-fold higher level at 24 hours postinjection of SLL5000 and SLL2000 in parallel to LL.
Biodistribution of 99m
Tc-Labeled Leuprolide Acetate/Liposomes in Tumor-Bearing Mice
To evaluate the potential significance of the liposomal uptake by various tissues with regard to a cytotoxic drug, we examined the biodistribution of leuprolide acetate labeled with 99m Tc either as free complex or encapsulated in liposomes. These experiments were performed in EAT-bearing mouse models. The percentage injected dose/g of tissue in different organs at different time intervals for free drug and its liposomes is shown in Tables 4 and 5 . Injection of the free drug resulted in only 0.02% injected dose/g of tumor after 24 hours of injection. As expected, sterically stabilized liposomes showed Tc-SLL2000 in rabbits. The rabbits were administered intravenously 500 ȝCi of 99m Tc-labeled complexes and the radioactivity was measured at different time intervals. Each value is the mean of 3 independent experiments. a markedly improved distribution pattern compared with conventional liposomes.
To facilitate a comprehensive analysis of liposome distribution, the tissue distribution data of the following 3 compartments (1) blood, (2) liver and spleen (used as an approximation of the RES), and (3) tumor are shown in Figure 4 . Figure 4 represents the compartmental distribution of tissues between 1 hour and 48 hours after injection in mice bearing EAT. RES continued to accumulate liposomes between 1 hour and 4 hours, followed by the slow disappearance of the label. As the time increased, the accumulation in tumor was found to increase, reaching a peak at 24 hours; after 48 hours, the concentration in tumor was decreased. The tumor accumulation after 24 hours for LL, SLL5000, and SLL2000 was found to be 1.28%, 4.00%, and 4.58%, respectively. SLL5000 and SLL2000 exhibit much higher levels in blood at all time points when compared with LL as evidenced from the Figure 4 and Table 5 .
The relationship between blood clearance and uptake of liposomes by various tissues is shown in Table 6 . Conventional liposomes showed a remarkable enhancement of liver uptake and minimal uptake by tumor. The liver/tumor uptake ratio of leuprolide acetate, LL, SLL5000, and SLL2000 was found to be 20, 7.99, 1.63, and 1.23, respectively, which showed the increased accumulation of sterically stabilized liposomes in tumor compared with the free drug and conventional liposomes at 24 hours after injection. Liver uptake of sterically stabilized liposomes was still 7-fold less than the conventional liposomes. The increase in accumulation in tumor site was mainly due to the increase in blood circulation time. Compared with the free drug and conventional liposomes, mPEG-coated liposomes were shown to have higher tumor targeting. PEG-coated liposomes showed highest tumor uptake, lowest liver/blood, RES/blood and lowest liver/tumor, RES/tumor uptake ratio. Throughout the period of experimentation, it was found that the distribution of SLL5000 and SLL2000 to liver, spleen, tumor, and blood varied extremely significantly (P < 0.001) when compared with LL. 
Imaging Studies
The use of gamma ray emitting radiolabels enabled us to perform imaging studies to complement the information obtained from tissue distribution experiments. The Ȗ image of mice 24 hours postinjection with SLL2000 radiolabeled complex and the biodistribution of sterically stabilized liposome (SLL2000) in an EAT-bearing mouse is given in Figure 5 . 
DISCUSSION
LL containing leuprolide acetate were prepared using HSPC, DSPG, and cholesterol by reverse phase evaporation method. It was reported that the extent of interaction of positively charged peptides with lipid membranes depends on both electrostatic attraction at the head group level and apolar part of the membrane. 32 The binding of peptide to lipids can be enhanced by modifying the electrical charge or the hydrophobicity of peptide. However, leuprolide acetate is very hydrophilic and becomes a univalent cation at physiological pH. An increase in lipid-peptide interaction via electrostatic binding was previously studied 33 ; this study described the addition of phosphatidic acid, an anionic lipid into the membranes of phosphatidyl choline vesicles. We report here the loading of leuprolide acetate into the membranes of phosphatidyl choline vesicles by the addition of distearoyl phosphatidyl glycerol, an anionic lipid and cholesterol. The sterically stabilized liposomes (SLL5000 and SLL2000) were prepared by adding 6 mol% of mPEG5000-PE and mPEG2000-PE polymers along with the lipids. The concentration of the polymer necessary to produce steric stabilization was determined in vitro by electrolyte-induced flocculation test. In our studies, the highest amount of drug entrapped in LL, SLL5000, and SLL2000 was 78 μg/mg of lipid, 54 μg/mg of lipid, and 59 μg/mg of lipid, respectively. However, the amount of leuprolide acetate encapsulated was approximately 40% of the available drug. The in vitro plasma release studies performed by incubating the liposomes with 80% plasma at 37°C proved that more than 60% of the drug is retained in the liposomes after 24 hours. This finding indicates that sufficient drug will be present in the liposomes for targeting the drug to the target organs.
The conventional liposomes bearing a negative surface charge has long been considered as a factor contributing to decreased liposome circulation times and enhanced uptake by RES in vivo because of the direct interaction between the negatively charged group on the liposome surface with cell surface proteins, thereby accelerating the liposome clearance. One of the factors having a major impact on the circulation time is the inclusion of a small fraction of PEG-derivatized phospholipids. The resulting coating of the liposome surface with PEG increases the surface hydrophilicity, decreases opsonization and RES uptake, and prolongs liposome circulation time. 34 It has been postulated that the decreased uptake of sterically stabilized liposomes by MPS is possibly due to the presence of steric barrier, which decreases the adsorption of plasma proteins (opsonins) on the surface of the liposomes. The lipid composition, the addition of PEG, and the particle size of the liposomes played a major role in tumor accumulation. The particle size distribution of the conventional and sterically stabilized leuprolide acetate liposomes estimated by laser light scattering showed unimodal size distribution with the mean average diameter of 175 to 188 nm after extrusion through 0.2-μm nucleopore filters. The particle size was maintained in a narrow range so as to have longer blood circulation. Reports suggest that the high level of liposomes in the blood was only observed for small liposomes (d 200 nm); larger liposomes (d > 200 nm) showed high level of accumulation in spleen and low concentration in blood. 35 Thus, the effect of PEG-PE to prolong liposome circulation time is limited to smaller liposomes. The small liposomes (d < 100 nm) might be expected to penetrate through the fenestrations and gain access to hepatocytes because the endothelial lining of the liver sinusoids includes fenestrae with an average diameter of 100 nm. 36 The use of radiolabels has been proved to be quite useful in following the fate of liposomes in vivo and as a diagnostic tool in nuclear medicine. The methods employed to label liposomes include entrapment of the radiolabel in the aqueous compartment, attachment of the label to the lipid components prior to liposome formulation, and the addition of label after their manufacture. The biodistribution of liposomes administered in vascular or extravascular spaces might be studied by the administration of radiolabeled liposomes and followed by scintigraphic imaging. Radiolabeled liposomes have been successfully used to monitor pharmacodynamic changes of liposomes and image tumors, abscesses, ischemic and infracted regions. 37 The optimum conditions required for maximum labeling efficiency were established. The leuprolide acetate and its liposomal formulations were radiolabeled with 99m Tc with an efficiency of more than 97% as shown in Table  2 . Stability of the labeled complex with time was studied in saline and in serum (rabbit) at 37°C as shown in Table  3 . The experimental data revealed that there was hardly any detachment of the radioisotope from the complex. Even after a period of 24 hours incubation, the presence of 92% to 97% labeled compound and only 2% to 8% decrease of the labeled product signifies not only the high stability of the radiolabeled product but also its suitability for in vivo use. Biodistribution studies in EAT-bearing mice were performed for the free drug (leuprolide acetate) and also its liposomes (LL, SLL5000, and SLL2000). The rapid elimination of the drug from the blood circulation is evident from the values in Table 3 . Only 0.75% of the injected dose/g was remaining in the blood 4 hours postinjection. The rapid accumulation of leuprolide acetate in liver and spleen within 1 hour postinjection was found to be 7.91% and 3.03%, respectively. The negligible amount of labeled complex present in the stomach proved the in vivo stability of the complexes. As the drug got eliminated quickly, the amount of leuprolide acetate reaching the tumor site was much less 4 hours postinjection (0.14%).
Results of the biodistribution study of LL, SLL5000, and SLL2000 are shown in Table 5 . Various organs/tissues such as heart, lung, liver, spleen, kidney, stomach, intestine, and tumor were removed and analyzed for the labeling content, and the percentage radioactivity was given per gram of tissue. As reported previously, 38, 39 there was an inverse relationship between liposome clearance by the RES and prolonged circulation time of liposomes. In turn, there appears to be a direct correlation between prolonged circulation time and liposome localization in tumors. The blood concentration of stealth liposomes (6.64% and 8.12% for SLL5000 and SLL2000) were significantly high even after 24 hours when compared with conventional liposomes (0.71%). The increase in circulation time may be due to the smaller particle size (<200 nm) of the liposomes or to the surface modification made by PEG. The hydrophobic liposomal surface was converted to relatively hydrophilic surface by the incorporation of mPEG-PE, which leads to reduction in recognition by the opsonins and thereby decreases in the MPS uptake of the liposomes. The SLL2000 showed prolonged blood circulation compared with SLL5000, which showed that the PEG of low molecular weight provides equally, or little more resistance to opsonization.
The permeability of tumor vasculature is generally increased as compared with normal tissues, although this varies among tumors. The extravasation of macromolecules occurs predominantly by convective transport. Liposomes could extravasate through leaky endothelium by passive convective transport. Higher concentration and longer blood residence time of liposomes obviously would result in greater efficiency of extravasations per unit volume of convective transport. 40 It is, however, possible that accumulation in tumors is due to endocytic uptake or binding of liposomes by capillary endothelial cells.
The increased blood circulation leads to increased tumor accumulation. The SLL5000 and SLL2000 showed excellent accumulation in tumor at 24 hours postinjection, 4.00% and 4.58%, respectively, compared with 1.28% for LL and 0.02% for leuprolide acetate. There was an approximately 65-fold increase in tumor accumulation of drug from LL compared with leuprolide acetate and around 200-to 225-fold increase in tumor drug concentration from SLL5000/SLL2000 compared with leuprolide acetate.
The radioactivity recorded in the highly perfused organs such as liver (10.2%, 6.52%, and 5.64% for LL, SLL5000, and SLL2000, respectively) and spleen (6.78%, 5.20%, and 4.40% for LL, SLL5000, and SLL2000, respectively) could be accounted for as the combined activity of the circulating blood passing through the organs as well as that due to particle uptake by cells of RES. The tumor uptake was still below the uptake by liver and spleen, organs with fenestrated capillaries and rich in cells of RES. 39 A very low liver to tumor ratio was obtained in the range of 1 to 1.6 for PEGcoated liposomes in comparison with 7.9 for conventional liposomes. This substantial improvement in the pattern of sterically stabilized liposome biodistribution was the combined result of an absolute decrease of liver uptake and increase in tumor uptake. Although the liver uptake was still 1.6-fold higher than that of tumor, this ratio may be therapeutically acceptable, since the liver is the usual metabolizing organ for most of the drugs. RES uptake of 99m Tc-SLL2000 was still 7-fold less than that of LL.
The presence of a very low amount of radioactivity in the stomach after 24 hours proved the in vivo stability of the 99m Tc-leuprolide acetate/liposome complexes. The gamma images were taken twenty-four hours postinjection of 99m Tc-SLL2000, and the images demonstrates the accumulation of liposomes in liver, spleen, and tumor present in the left hind leg of the mouse. The enhanced drug accumulation in exponentially induced EAT is apparently related to liposome longevity in circulation.
Thus, the long circulating liposomes containing leuprolide acetate act as a GnRH agonist, reduce the uptake of liposomes to RES and thereby reduce the possibility of the risk of toxicity to RES generally seen with conventional liposomes, to prolong the biological half-life of the drug and to enhance the antiproliferative effect due to high tumor uptake.
CONCLUSION
In summary, the study demonstrated the preparation of conventional and sterically stabilized liposomes with better entrapment efficiency. The average particle size of the formulated liposomal formulations was less than 200 nm. The leuprolide acetate and its liposome formulations were then successfully radiolabeled using reduced 99m Tc with the labeling efficiency of above 97%. The radiolabeled complexes were proved for their stability in both saline and serum up to 24 hours. The blood kinetic data clearly indicate the activity of mPEG-PE to prolong the circulation time of the sterically stabilized liposomes and to decrease the uptake of liposomes by RES. The prolonged circulation time and increased tumor accumulation of sterically stabilized leuprolide acetate liposomes were found significantly different from that of conventional liposomes. The tumor accumulation of the sterically stabilized leuprolide acetate liposomes was also proved by gamma scintigraphy.
